ABSTRACT A Þeld study was conducted to calculate the functional lower developmental threshold and cumulative required degree-days for Þrst emergence of adult Apthona nigriscutis Foudras, a classical biological control agent of the exotic weed leafy spurge Euphorbia esula L. The study was conducted in Wyoming, Montana, and Minnesota from 1991 through 1999 and made use of the computer program, CALFUN (version 2.0), to estimate the thresholds and required degree-days. Five different methods were used to calculate degree-days, and two kinds of estimates (mean and median) were made for functional lower developmental threshold and required degree-days. In all, 10 phenology models were developed. When we tested these for their accuracy in predicting adult A. nigriscutis Þrst emergence, those that used the historical or sine wave methods for calculating degree-days, and those that used median functional lower developmental thresholds and required degree-days, provided the best predictions. Based on these Þndings, we suggest using the median functional lower developmental threshold from the historical (-2.56ЊC) or sine wave (0.14ЊC) methods to calculate degree-days. Then, when cumulative degree-days approach 1,189.2ЊC (historical method) or 898.5ЊC (sine wave method), the onset of adult A. nigriscutis emergence should be imminent. A computer program was written for use by spurge managers so they can easily determine when Þrst emergence of adult A. nigriscutis is likely to begin.
LEAFY SPURGE, Euphorbia esula L., a deep-rooted herbaceous plant of Eurasian origin, was accidentally brought to North America late in the 19th century. Leafy spurge has since become a widespread weed in uncultivated areas of the northern United States and Canada, and is particularly prevalent in rangeland habitats (Hansen et al. 1997) .
Leafy spurge contains milky latex that makes its tissues unpalatable to cattle, but not to sheep. Consequently, spurge-infested rangelands are intentionally avoided by cattle, despite the presence of palatable grasses (Hansen et al. 1997) .
Leafy spurge effectively competes with rangeland grasses and forbs through its expansive root system and dense shoot growth. Leafy spurge may also have an allelopathic effect on grasses and other forbs (Hansen et al. 1997 ).
The primary impact of leafy spurge on rangelands, from a human/ranching perspective, is to reduce the amount of forage that is available for cattle, which negatively impacts cattle production, which in turn negatively affects ranching enterprises. Leafy spurge causes annual losses in Montana, North Dakota, South Dakota, and Wyoming alone that approach $130 million U.S. (Leitch et al. 1994) .
Many methods have been used to manage leafy spurge, including herbicides, sheep grazing, and biological control. Use of herbicides is very expensive, and applications are limited by the remoteness of sites and steepness of topography (Van Vleet 1995 , Hansen et al. 1997 . Grazing by sheep can be somewhat effective in reducing the ßowering ability of leafy spurge, and its consequent spread by seed production (Walker et al. 1992) . Biological control has the potential to be a large scale, cost-effective management tool of leafy spurge, especially in remote areas and on steep hillsides (Harris et al. 1985) .
A variety of organisms have been used for biological control of leafy spurge, including Ͼ25 species of ßea beetles in the genus, Apthona (Coleoptera: Chrysomelidae) (Harris 1984) . Several of these have been released in Canada and the northern United States, one of which is the univoltine species, Apthona nigriscutis Foudras.
Adults of this species sustain themselves by feeding on leafy spurge foliage. After mating, females lay eggs on or near the base of leafy spurge shoots. Newly hatched larvae will burrow into the soil and begin feeding on Þne roots. As larvae become larger, they feed on progressively larger roots. This feeding contributes to plant mortality by disrupting water and nutrient transport, and may provide entry points for soil-inhabiting fungi. Larvae of A. nigriscutis pass the winter and resume development in the spring. Fullygrown larvae will form cells in the soil and pupate. Adults emerge soon thereafter (Hansen et al. 1997) .
Many ranchers and land managers combine the effects of sheep grazing with ßea beetle feeding in their leafy spurge management program. In doing so, however, the sheep must be removed from spurgeinfested pastures before beetle emergence. Such removal will allow sufÞcient spurge foliage to be present, for beetle sustenance, once they emerge.
Knowing the date on which beetles start emerging is key to the timely removal of sheep from spurgeinfested pastures. Our experience has been that use of calendar dates is not effective for this purpose because of considerable weather variation between years, and considerable altitudinal differences between leafy spurge sites. Thus, a more effective tool for predicting the onset of adult A. nigriscutis Þrst emergence is needed by ranchers and land managers. A temperature-based phenology model (phenology model) may be this tool.
Brießy, use of a phenology model requires that we choose a date on which to start calculating and summing degree-days, that we determine the lowest temperature at which insect development will occur (lower developmental threshold), and that we determine the total amount of heat required to complete insect development (required degree-days). The date on which to start calculating and summing degree-days may be arbitrarily selected (e.g., 1 January in northern temperate climes) or determined through trial and error Harris 1983, Thomson and Moncrieff 1982) . Values for the lower developmental threshold and required degree-days may be gained through laboratory experiments or Þeld studies (Legg et al. 1998a) . Laboratory experiments are preferred for determining the lower developmental threshold and required degree-days if the insect can be reared in captivity. If not, however, Þeld studies must be conducted. We could not rear A. nigriscutis in the lab, so we determined its lower developmental thresholds and required degree-days through Þeld studies.
In this work, we developed phenology models, based on a linear degree-day function, that would help ranchers and land managers predict the onset of A. nigriscutis adult emergence. We then tested those models to see which performed best for predicting the Þrst emergence of adult A. nigriscutis. Finally, we developed a computer program, which can be used by managers of leafy spurge, to predict dates on which the Þrst emergence of A. nigriscutis adults will most likely occur.
Materials and Methods
Estimating Lower Developmental Thresholds and Required Degree-Days with CALFUN. Several methods have been used for estimating the lower developmental threshold of insects from Þeld studies (Magoon and Culpepper 1932 , Hoover 1955 , Arnold 1959 , Thomson and Moncrieff 1982 , Lysyk 1989 , including the modiÞed regression method of Legg et al. (1998a Legg et al. ( , 1998b . Recently, the modiÞed regression method was incorporated into a computer program, CALFUN (version 2.0), to calculate functional lower developmental thresholds and required degree-days (Legg et al. 1998b (Legg et al. , 2000 . Legg et al. (1998a) noted that many functional lower developmental thresholds are less in value than what they should be (biased). However, when functional thresholds are used in conjunction with their required degree-days, they function to provide acceptable predictions of insect phenological events (Legg et al. 2000) .
When calculating functional lower developmental thresholds and required degree-days from Þeld-collected data, CALFUN actually makes two estimates for each. One is the average, or mean, of individual estimates for the lower developmental threshold and required degree-days. The other is the median of those individual estimates.
Several methods can be used to calculate and sum degree-days (Pruess 1983 , Higley et al. 1986 ). These have been grouped into the rectangle, triangle, and sine wave methods because they use rectangular, triangular, or sine wave-shaped areas to approximate the daily temperature proÞle and estimate the amount of heat that occurs in a 24-h period (Higley et al. 1986 ). These calculation methods have been summarized by Pruess (1983), Higley et al. (1986) , and Legg et al. (1998b) . Five of those methods were used in CAL-FUN; two were of the rectangle type, two were of the triangle type, and one was of the sine wave-type. The rectangle-type methods have been termed the historical and Weather Bureau methods by Pruess (1983) , with the historical method being commonly used by horticulturalists and plant scientists. The triangle-type methods were those of Stark and Aliniazee (1982) . Of those, the Þrst applies no correction factor to the estimated degree-days (triangle method without correction), while the second applies two correction factors to the estimated degree-days. The sine wave-type method used was that of Allen (1976) , which is commonly used by entomologists.
CALFUN calculates and sums degree-days using each of 14 prospective lower developmental thresholds (range: Ð15.0 Ð21.2ЊC, in increments of 2.7ЊC). Legg et al. (1998a) found the relation between summed degree-days (y-axis) and prospective lower developmental thresholds (x-axis) exhibits a negative, concave curve, which is mathematically modeled by CALFUN (model) (Fig. 1) . CALFUN develops one such model for each location year of temperature data (Legg et al. 1998a (Legg et al. , 1998b . When models are considered in all possible pairs, CALFUN mathematically generates the curves, which often intersect or have a point of closest convergence in just one place ( Fig. 1) , corresponding y-and x-values for that point are individual estimates of the required degree-days and lower developmental threshold, respectively. Ideally, there are n!/((n Ϫ 2)!2!) possible individual estimates for the lower developmental threshold and required degree-days for a data set with n curves. Realistically, however, the actual number may be less than the ideal because some pairs of curves neither intersect nor have a point of closest convergence (Legg et al. 1998b) . For the A. nigriscutis calculation data set, there were 11!/((11-2)!2!) or 55 possible individual estimates of lower developmental thresholds and required degree-days. Finally, as individual estimates are known to vary from one estimate to another (Legg et al. 1998a) , CALFUN calculates both their mean and median functional lower developmental thresholds and required degree-days; these are used to predict insect phenological events. As two types of estimates (mean and median) were made for each of the Þve methods used for calculating degree-days, a total of 10 functional lower developmental thresholds and required degree-days was calculated. CALFUN, which runs on PC-based platforms, may be found on the Worldwide Web, (http://w3.uwyo.edu/ϳdlegg/ calfun.html).
Field Observations and Weather Records. For Wyoming, 12 sites of leafy spurge were selected throughout Fremont County and were swept daily for A. nigriscutis adults. Observations began each year on 1 May, and ended when beetles were Þrst found. Observations were taken each year from 1991 to 1997, and again in 1999. As beetle emergence occurred on the same date across locations for each year, just 8 yr of observations were used from Wyoming. For Minnesota, sweep samples were taken weekly from 1991 to 1994 at three locations at the Flying Cloud Airport near Eden Prairie, MN. For Montana, observations were made at least once per week at a location 24 km south of Big Timber, MT, beginning in late May, until beetles were Þrst found. Observations were taken each year from 1993 to 1995.
For Wyoming and Minnesota, daily maximum and minimum temperatures were obtained from the National Oceanic and Atmospheric Administration weather stations located at Lander, WY, and the Minneapolis-St. Paul International Airport, Burnsville, MN. For Montana, daily temperatures were generated from an Omidata automated weather station that was located on the study site.
Daily maximum and minimum temperatures were arbitrarily started on 1 January and stopped on the Þrst date that beetles emerged; these were placed into ASCII Þles, with one Þle being created for each location by year combination (location years). In all, 16 location years of data were obtained, with 11 being used to calculate functional lower developmental thresholds and required degree-days through CAL-FUN (calculation data set), and Þve being used to test and verify the phenology models (veriÞcation data set).
Testing the Phenology Models. For the Þrst year of veriÞcation data, the 10 calculated functional lower developmental thresholds and required degree-days were used to predict dates on which adult A. nigriscutis emergence would Þrst occur. This was done by using just one functional lower developmental threshold to calculate and sum degree-days, beginning on 1 January, and ending on the date that summed degree-days equaled or Þrst exceeded that thresholdÕs required degree-days. That ending date was the predicted date on which Þrst emergence occurred. This was repeated for each of the remaining functional lower developmental thresholds and required degree-days. Predicted dates were then compared with the observed date, and the number of days by which they differed were computed (deviations). This process was repeated for the remaining year of veriÞcation data. In all, 50 such deviations were produced.
Statistical Analyses. Deviations were subjected to a two-factor factorial, repeated measures analysis of variance (ANOVA) in which the repeated measures occurred on both factors (Neter et al. 1990, p. 1,049 ). SpeciÞcally, we tested the null hypothesis that predictions of adult A. nigriscutis Þrst emergence were not inßuenced by the types of estimates (i.e., mean or median) versus the alternate hypothesis that they were. We also tested the null hypothesis that predictions of A. nigriscutis Þrst emergence were not inßu-enced by the methods of heat unit calculation versus the alternate hypothesis that they were inßuenced by at least two such methods. Finally, we statistically tested for an interaction between types of estimates Fig. 1 . A hypothetical example of how cumulative degree-days relate to prospective lower developmental thresholds in a nonlinear fashion (curves). One curve exists for each year of data, with the intersection of any two curves corresponding with just one estimate of the functional lower developmental threshold (x-axis) (e.g., 1.11ЊC) and required degree-days (y-axis) (e.g., 437.5ЊC).
and methods of degree-day calculation. If the ANOVA indicated that differences occurred between at least two methods for calculating degree-days, mean separations were conducted using FisherÕs protected least signiÞcant difference (LSD) (Neter et al. 1990 ). Statistical tests were made at the ␣ ϭ 0.05 level of type I error. Calculations were facilitated by use of the GLM procedure of the Statistical Analysis System (SAS Institute 1990).
Assessing deviations through the repeated measures ANOVA gave us information on whether the deviations differed between the two types of estimates or between at least two methods for calculating degreedays. The ANOVA, however, did not indicate whether those deviations represented late or early (i.e., biased) predictions with respect to the observed dates of Þrst emergence. Therefore, we investigated the potential for bias through the use of t-tests. Using these, we tested the null hypothesis that average deviations were equal to 0.0 (unbiased) versus the alternate that they were not (biased). Calculations were facilitated by use of the MEANS procedure of the Statistical Analysis System (SAS Institute 1990).
Results and Discussion
Calendar Emergence Dates. Calendar dates on which adult A. nigriscutis Þrst emerged ranged from 26 May to 14 June in Minnesota, from 10 to 30 June in Montana, and from 31 May to 22 June in Wyoming. The median dates on which adult A. nigriscutis Þrst emerged in Minnesota, Montana, and Wyoming were 3 June, 17 June, and 13 June, respectively. Although it may be tempting to use these dates for timing the removal of sheep from spurge-infested pastures, we recommend against it because the calendar datebased removal dates will likely deviate greatly from the true dates of Þrst emergence.
Determining Functional Lower Developmental Thresholds and Required Degree-days. Descriptive statistics for the 10 calculated functional lower developmental thresholds and required degree-days may be seen in Table 1 . Note that the observed number of individual estimates made for lower developmental thresholds and required degree-days varied from 39 to 46; these numbers were less than the possible total of 55 because some pairs of curves neither intersected nor had points of closest convergence (Legg et al. 1998a) . Note also that the extremes (i.e., minimum and maximum values) of individual estimates ranged widely about their means and medians (Table 1) . For example, the extremes in lower developmental thresholds, when using the historical method, ranged from Ð14.44 to 14.89ЊC, whereas the extremes for required degree-days ranged from 113.9 to 2,291.5ЊC. Such wide ranges show how misleading some individual estimates of functional lower developmental thresholds and required degree-days can be when they are based on just 2 yr of Þeld observations , Legg et al. 1998a ). Finally, note how values for functional lower developmental thresholds ranged from Ð2.56 (median, historical method) to 2.85ЊC (median, Weather Bureau method), and how values for functional required degree-days ranged from 793.5 (Weather Bureau method) to 1,189.2ЊC (historical method).
Testing for Differences. Results indicated there were differences between predicted dates of A. nigriscutis Þrst emergence when using mean and median types of estimates (F ϭ 181.98; df ϭ 1, 36; P Ͻ 0.0001). Results also indicated there were differences between at least two methods for degree-day calculation (F ϭ 9.06; df ϭ 4, 36; P Ͻ 0.0001, error mean square ϭ 6.869). Finally, results indicated that types of estimates and methods of degree-day calculation did not interact (F ϭ 2.50; dfϭ 4, 36; P ϭ 0.06).
The average number of days that predicted dates deviated from the observed was greater when using mean functional lower developmental thresholds and required degree-days (11.24 Ϯ 1.47 standard error of the mean) than when using median functional lower developmental thresholds and required degree-days (1.24 Ϯ 1.43, n ϭ 25). This result supports the Þndings of Legg et al. (2000) , who suggested that median functional lower developmental thresholds and required degree-days be considered for use when predicting insect phenological events. The average number of days that predicted dates deviated from the observed were least for the historical (3.4 Ϯ 2.8a) and sine wave methods (4.0 Ϯ 3.2a), intermediate for the Weather Bureau method (6.5 Ϯ 2.8b), and greatest for the triangle method without (8.4 Ϯ 3.0bc) and with correction factors (8.9 Ϯ 2.8c) (means followed by the same letter are not signiÞcantly different, LSD ϭ 2.3771, n ϭ 10). These results suggest that the historical and sine wave methods provided similar predictions of adult A. nigriscutis Þrst emergence in Wyoming, Montana, and Minnesota, and these two methods were preferred over the others. They do not indicate, however, whether these methods gave unbiased predictions of adult A. nigriscutis Þrst emergence. Testing for Bias. Results from t-tests that were made on mean and median estimates of functional lower developmental thresholds and required degree-days indicated that the average predicted dates of Þrst emergence, when using mean functional lower developmental thresholds and required degree-days, were biased (11.24 d late) (t ϭ 7.65, df ϭ 24, P Ͻ 0.0001) whereas the average dates of Þrst emergence, when using median functional lower developmental thresholds and required degree-days, were not (1.24 d late) (t ϭ 0.87, df ϭ 24, P ϭ 0.39). Results from t-tests made on the methods for calculating degree-days indicated that average predicted dates of Þrst emergence, when using the historical (3.4 d late) or sine wave (4.0 d late) methods were not biased (historical: t ϭ 1.20, df ϭ 9, P ϭ 0.26; sine wave: t ϭ 1.23, df ϭ 9, P ϭ 0.25). The average predicted dates of Þrst emergence when using all other methods, however, were biased (range: 6.5Ð 8.9 d late) (Weather Bureau: t ϭ 2.77, df ϭ 9, P ϭ 0.02; triangle method without the correction factors: t ϭ 3.04, df ϭ 9, P ϭ 0.01; triangle method with the correction factors: t ϭ 3.26, df ϭ 9, P ϭ 0.01).
To our knowledge, just one study exists for testing the inßuence of mean and median lower developmental thresholds and required degree-days on the predictions of insect phenological events (Legg et al. 2000) . More studies are needed to determine if predictions that are made, when using median functional lower developmental thresholds and required degreedays, are consistently superior to those that are made when using mean functional lower developmental thresholds and required degree-days. In this study, predictions of adult A. nigriscutis Þrst emergence, when using median functional lower developmental thresholds and required degree-days, were superior to those that were made when using mean functional lower developmental thresholds and required degree-days.
A few studies exist for comparing the inßuence of different degree-day calculation methods on the predictions of insect phenological events. In one, Stark and Aliniazee (1982) found that predictions for the average time of Rhagoletis indifferens Curran emergence, when using the historical method, were nearly as accurate as those that were made when using the triangle method with correction factors. In another, found that predictions of Acrobasis nuxvorella (Nuenzig) vernal development, when using the historical method, were similar to those that were made when using the sine wave method. In another, Hochberg et al. (1986) found that predictions of Acyrthosiphon pisum (Harris) and A. kondoi Shinji development, when using a variation of the historical method, were superior to those that were made when using non-degree-day based models. In our study, we found that use of the historical and sine wave methods gave superior predictions of adult A. nigriscutis Þrst emergence to those that were made when using the triangle-based methods (Fig. 2) .
Using a model. The model based on a median functional lower developmental threshold of Ϫ2.56ЊC, and a median required degree-days of 1,189.2ЊC (historical method) was placed into a computer program (FLEA BEETLE). FLEA BEETLE calculates and sums the degree-days that occur toward the Þrst emergence of A. nigriscutis adults, then presents the results as the percentage of heat that has occurred toward Þrst A. nigriscutis emergence.
To use FLEA BEETLE, leafy spurge managers must Þrst create a computer Þle (ASCII format) that contains daily maximum (left-most column) and minimum temperatures that are, ideally, taken from the farm where the spurge resides; begin the temperatures on 1 January (northern temperate zone). Such Þles can be created by using any spreadsheet program which creates a space delimited *.txt Þle or a space delimited *.prn Þle (tabs not allowed). Once the Þle is created, it is then read into FLEA BEETLE, which calculates and sums the degree-days through the last date for which temperatures were placed into that Þle. FLEA BEETLE then calculates and prints the percentage of heat that has occurred toward the Þrst emergence of adult A. nigriscutis. Naturally, as that percentage approaches 100, spurge managers should feel more and more compelled to remove their sheep from spurge-infested pastures that contained A. nigriscutis. FLEA BEETLE is written in Microsoft QuickBASIC (1988, version 4.5) and will run on all PC-compatible computers (http://w3.uwyo.edu/Ϸdlegg/ßeabeetle.html). Average deviations (in days) of predicted dates from the true dates that adult Apthona nigriscutis Þrst emerged, as well as their standard error bars; predictions were made using degree-day models that consisted of mean or median for calculating the degree-days.
In summary, 11 yr of adult A. nigriscutis Þrst emergence data from Wyoming, Montana, and Minnesota were used to develop 10 Þrst emergence phenology models. These were tested on Þve independent location year of data to determine which gave predicted dates of A. nigriscutis Þrst emergence that were closest to true dates of Þrst emergence. Phenology models that were based on the historical and sine wave methods, and made use of median functional lower developmental thresholds and required degree-days, gave predicted dates of A. nigriscutis Þrst emergence that were closest to the true dates of A. nigriscutis Þrst emergence. Based on these Þndings, we suggest using either the historical-or sine wave-based phenology models that make use of median functional lower developmental thresholds and required degree-days to predict adult A. nigriscutis Þrst emergence. Precise use of these models will depend on the grazing pressure placed on spurge-infested pastures. For example, if grazing is heavy before beetle emergence, little to no foliage will be present for their sustenance during the mating and egg-laying period. Under those conditions, the chosen degree-day model can be used to time an early removal of sheep from spurge-infested pastures, thus allowing for sufÞcient spurge regrowth before beetle emergence. If, however, grazing pressure is not heavy, the chosen degree-day model can be used to time a late removal of sheep from those pastures, thus allowing for more grazing, and less regrowth, before beetle emergence. Finally, a simple computer program was developed for use by managers of leafy spurge to time the removal of their sheep from spurgeinfested pastures. This program calculates and sums the degree-days that have occurred, from 1 January (northern temperate zone) through the last date that was entered into the temperature Þle, then presents the results as the percentage of heat that has occurred toward the Þrst emergence of adult A. nigriscutis. As that percentage approaches 100, leafy spurge managers should prepare to remove their sheep from spurgeinfested pastures that contain A. nigriscutis.
